Endothelial cells are key units in the regulatory biological process of blood vessels. They represent an interface to transmit variations on the fluid dynamic changes. They are able to adapt its cytoskeleton, by means of microtubules reorientation and F-actin reorganization, due to new mechanical environments. Moreover, they are responsible for initiate a huge cascade of biological processes, such as the release of endothelins (ET-1), in charge of the constriction of the vessel and growth factors such as TGF − β and PDGF. Although a huge effort have been made in the experimental characterization and description of these two issues the computational modeling have not gain such a attention. In this work we propose a 3D model for cytoskeleton cells and a computational approach to, based on its mechanical environment, adapt or remodel its internal structure. We found our model fit with the experimental works presented before, both in the remodeling of the cell structure. We include our model within a computational fluid dynamic model in a carotid artery to quantify endothelial cell remodeling. Moreover, our approach can be coupled with models of collagen and smooth muscle cell growth, where remodeling and the associated release of chemical substance are involved.
Introduction
Cells are the main trigger units controlling the mechanosensing in living tissue, and to do it so, they posses a complex apparatus. This is a very vast research field, see, among many others, the monographes of [49] and [3] . The complex mechanical study of cells can be split in two different approaches. A microscopical one, which describe changes on cells change, deformation and motility of the whole structure and the one comprising the internal behavior, which include its remodeling, sensing and signaling of mechano-chemical changes of the environment, leading to a wide cascade of events. Communication between cells ant its environment is regulated by intracellular signal molecules, receptor proteins, usually at the cell surface binding between them to activate the receptors and in turn relay the intracellular pathways which finaly activate the appropriate effector proteins, as ion channels, gene regulators proteins or remodeling of the cytoskeleton. Therefore, the study of cell mechanics can be approached from a macroscopic and microscopic point of view, as well as a pure mechanical or chemical approach. A common point between any kind of cell is its ability to sense its environment. This sensing machinery have been and is being extensively studied, although now yet well know.
It is well known that biological tissue remodels itself when driven by a given stimulus, e.g. mechanical loads such as an increase in blood pressure, and changes in the chemical environment that controls the signaling processes and the overall evolution of the tissue. Biological remodeling can occur in any kind of biological tissue. In particular, the study of collagen as the most important substance to be remodeled, in all its types (preferentially Type I and III), has been given considerable attention in the last few years [19, 39, 20] . The reorientation of this kind of structures can be assumed to be the consequence of the reorientation of the fibrils or filaments that make them up. This phenomenon leads to changes in the micro-structural orientation and fiber shape (due to the reorientation of the fibrils (see e.g. [56, 52, 55] ). Several remodeling models have been proposed in recent years. Some of them analyze the reorientation of unidimensional fibers driven by different stimuli such as [45] or in a mcirosphere 3D approach [46, 62] or [35] . In [28] , a complete consistent linearization of the equations in an implicit finite element framework was performed. [25] presented an elegant energetic and stationary study of the remodeling problem from a thermodynamic point of view.
Another important biological structure able to remodel itself is cell cytoskeleton. Cells move and reorient their inner structure depending on the stiffness and strain of the substrate [18, 16] . Cytoskeleton shape can change due to the adaptation of the microtubules and filaments to a specific external mechano-chemical stimulus [53, 17] . There are several experimental tests in the literature showing morphological changes of the cell due to mechanical stimulation of the matrix where cells are located.
In many cases this change of shape, unlike changes in orientation, are measured by a shape-index in the biomedical community. The underlying biological processes are more in number and complexity. Some of them, like dynamic of focal adhesions, the tension exerted by molecular motors over actin stress fibers are among the most important aspects to be considered (see e.g. [49] for an overall understanding of cell behavior). In reference to models capturing these features not much have been done while in terms of the orientation of the preferential direction of the cell, some of the most accepted models are those presented in [16, 15] where the reorientation is assumed to be controlled by the matrix behavior and the forces that arise from the active regulation of the cell in a dipole-like manner. In terms of modeling changes on the morphology of cell shape due to external stimuli no many models exists in the literature, see e.g. [40, 33, 50] . [7] showed that steady laminar flow and pulsating flow make EC to reorient in the direction of the flow and that the aspect ratio of the cells increase in a very similar fashion. [23] studied the structural organization of several elements of the cell (microfilaments, microtubules and intermediate filaments) also seeing that the main orientation of cell align in the direction of the flow. In similar studies [40] and [36] showed that in arterial coarctated model EC in the laminar zone before coarctation presented very tipshapes while in the recirculation zone, after coarctation, EC showed a more random structure. [40] reported shape indexes (SI) of 0.2 for the laminar zones while turbulent flow induces SI from 0-4 to 1. [21] reported changes in the SI from 0.6 to 0.3-04. [41, 50] among others have shown this same behavior in their works. In a review article [10] resume some of the characteristic morphological changes due to different mechanical stimuli.
[14] presented a study pointing out that, although high shear stress in laminar flow promote cell alignment in the direction of the flow, low turbulent shear stress promote synthesis of endothelial DNA even in the absence of a organized structure of the cells suggesting that this type of flow is prone to develop atherome plaque and other diseases. Another feature of all these studies is the formation of stress fibers in the direction of the fluid for the laminar flow and in a random distribution in case of turbulent patterns. Stress fibers ( see ,e.g., [49] ) are important structural elements and their formation lead to changes in the mechanical behavior of the cell. However, we will ignore these phenomena in this study. In terms of modeling changes on the morphology of cell shape due to external stimuli no many models exists in the literature, see e.g. [40, 33, 50] .
Introducing multi-scale approaches is a straightforward technique to take into account underlying evolving processes. The works of Ingber [34] about tensegrity models of cell structures is a good example in the field of cell mechanics. Microplane models were first used by [48] to study the micro-structural behavior of polymers. Later, [9] applied this approach, also known as microplane, for vas- cular tissue. In multi-scale homogenization schemes, the macroscopic behavior is recovered by averaging the microstructural behavior represented, in the case of biological fibered tissue, by the mechanics of the fibrils or filaments. Previous authors [1] have used exponential-type models, such as that proposed by [29] . Recently [46] presented a microsphere-based approach for remodeling, where the fibrils behavior was modeled by the Worm-like Chain model (WLC).
In short, we present a new remodeling model in 3D, taking into account the reorientation of the mean direction of a given fibered structure and the reorientation of the individual fibrils or filaments leading to changes in the parameters of the associated statistical orientation density function. We begin discussing the material model used and in particular the WLC model adopted for each fibril. Later, we present the Bingham statistical distribution, its main properties and general shape. We make use of the microsphere-based approach as homogenization technique to move from the micro to the macro-scale. In the following section, the evolution equation for remodeling are presented. We continue with the thermodynamic formulation of the problem obtaining the expression for the dissipation and a finite element case is carried out. To conclude the chapter, we applied the developed model to describe the adaptation process of endothelial cells (EC) to the mechanical stimuli exerted by the blood flow. In the subsequent section we discuss some examples to show the capabilities of our approach and we finish with a discussion of the advantages and limitations of the present contribution.
CFD simulation
The used patient-specific carotid geometry was reconstructed using computed tomography (CT) scans at one time point of the cardiac cycle. See [42] for a complete description of the geometry reconstruction and the CFD details. The complete segmented geometry considered in this study included the common carotid (CCA) and its principle branches: the internal carotid (ICA) and the external carotid (ECA). The intraluminal vessel wall was imported into the commercial software Ansys Icem CFD [58] for performing the computational mesh. A fully tetrahedral mesh was generated by means of the aforementioned software using the well known Ansys Icem Octree algorithm. The final mesh had 10 6 elements, which was imported into the software package Ansys CFX v.14.5 [58] where the CFD simulation was performed.
The boundary conditions for the patient specific flow rates were not available for these subjects, so that the inlet and outlets flow rate waveforms were taken from literature. In particular, we used the averaged CCA, ECA and ICA waveform described by Lee et al. (2008) [59] . This waveforms were applied as flat profiles at the extremities of the computational model. In particular, 5-inlet nad 5-outlet diameter extensions, composed by prismatic three-dimensional grid elements, were added to the carotid artery in order to guarantee fully developed flow. No-slip conditions were finally imposed at the arterial walls.
The carotid blood flow was modeled as laminar, incompressible (density, ρ f =1050 Kg m 3 ) and non-Newtonian, using the Carreau constitutive law. The Carreau model assumes that the viscosity of blood, µ, varies according to the following equation:
where µ 0 and µ ∞ are low and high shear rate asymptotic values, while the parameters A c and m control the transition region size [60] .The Carreau blood model predicts decreasing viscosity at high strain. For this study we used the experimental values provided in [60] and used also by other authors [61] The Navier-Stokes equations, i.e., mass and momentum conservation were solved for unsteady, incompressible laminar flow by means of a finite volume discretization approach used by Ansys CFX [58] . The governing equations are solved simultaneously across all domain nodes by means of a cascade of successively coarser grids. this approach used by Ansys CFX allows the solution information to propagate rapidly across the computational domain. The linear set of equations that arises by applying the finite volume method to all elements in the domain results in a set of discrete conservation equations which can be solved through a coupled solver for the velocity field (cartesian components u, v, w) and the pressure term p as a single system. This solution approach uses a fully implicit discretization method at any given time step. The linear equations are solved using an Algebraic Multigrid method. The Multigrid Linear Solver is an agglomeration-based and adaptively coarsened method which in a very effective manner is capable to solve the system of linearized equations. For this aim, the Ansys CFX Multigrid method adopts the so called factorization accelerated incomplete lower upper (ILU) technique for solving the discrete system of linearized equations written in linearised form as:
The ILU algorithm approaches the exact solution of the equations by means of several iterations starting from an approximate solution φ n that is to be improved by a correction φ obtaining a better solution φ n+1 :
Repeated application of the aforementioned algorithm will yield the solution with the desired accuracy. The convergence criteria used in the simulation performed in this study was 1 · 10 −12 . This factor was used to reduce the initial mass flow residual during the simulation progress. The computation was carried out using the 16 node, Dual Nehalem (64 bits), 16 
Evolution equations for cell remodeling
The macroscopic part, the micro-sphere-based anisotropic approach, also known as micro-plane models, constitutes a homogenization technique that has been used previously for polymers [48] and biological tissue [2] , among many other applications. The homogenization or continuous averaging (•) of a given variable (•) is carried out by integrating over the unit sphere surface. In order to perform a numerical implementation, the integral is computed by addition on m discrete orientation vectors with the corresponding weight factors w i as
where dA is the differential area element of the unit sphere that may be written in terms of the spherical angles α ∈ [0, π) and φ ∈ [0, 2π) as dA = sin(α)dφdα. The normalizing term 4π is the unit sphere total area A U 2 = 4π.
Although not considered here, at the micro-scale, the behavior of the fibrils, has been modeled previously modeled by the well-established WLC model [37] . The WLC was used in DNA modeling by [8] . Recently it was used by [24] , [39] and [2] , among others, to model the behavior of biological tissue, as an extension of the WLC molecular model to approach continuum tissue.
Here we use this geometrical approach to represent the structure of the cell. Although we are not introducing the mechanical behavior of the model, it could be recover by the homogenization described above. The reorientation of the fibrils or filaments that changes the shape can be identified in nature, e.g., with those processes discussed in the introduction section, such as rotations of cells like a dipole and a morphological change of its shape. We base our evolution equations on the reorientation process described by [44, 54, 57] . The realignment will be driven, at the moment, by a given general stimulus characterized by a second order tensor.
Some authors have modeled this phenomenon by means of the evolution of the statistical distributions [19, 20, 5] . [47] studied this issue by using a von Mises distribution and the evolution of the associated structural tensor. Recently [46, 54] presented a work for remodeling within a microsphere approach, where from an initial isotropic state, the reorientation of each of the integration directions leads to an anisotropic behavior. This latter approach follows an approach similar to that described in [28] for one simple fiber, and is similar to the one used here for the evolution of the fibrils.
With such an approach, we are able to evolve the shape of the micro-structure by means of the evolution of each integration direction. From our point of view, this approach allows a more free reorientation of the fibrils since they do not have to be subject to fit with any statistical distribution. Future works will investigate the potential of options (i ) and (ii ).
We will follow the approach in [57] . It is necessary to define the vector ω i , which leads the evolution of the reorientation process. As mentioned above, we prefer to generalize the driving quantity leading the process, named Ξ. We assume that the realignment depends on the maximum principal direction of Ξ, such that r i −→ Ξ 3 . We will denote Ξ 3 the eigenvector associated to maximum eigenvalues of Ξ. This leads to
where ω i and r i are the angular velocity and the unit vector of each integration direction. Incorporating Eq. 5 intoṙ i = ω i × r i we obtaiṅ
However, we will again make use of the updating scheme presented in the section above, based on the exponential map, and again adopt an explicit updating ( [43, 44] ). We can also define ω i = ω i , n
We approximate the updated vector as
As pointed out in the Introduction section, it is still unclear if this quantity is associated to strains or stresses variables (see e.g. reviews in [31, 12, 16, 57] and references therein). The driving quantity that will drive the remodeling is based on a magnitude-dependent parameterζ Ξ and the corresponding material dependent parameterζ
where Ξ denotes the driving quantity, Λ
is the ratio between the maximum and minimum eigenvalues of the chosen driving quantity Ξ and ζ Ξ 0 a threshold value that sets the coefficient value at which the reorientation process starts.
The updating scheme of Eq. 7 changes to
Results: Application to the endothelial cell morphology
In this section we adapt the methodology developed previously to predict the morphological features of the EC in different zones of the carotid artery where EC align in the direction of the flow for laminar and high wall shear stress value. [13] studied experimentally this very same issue in a carotid artery based on two different waveforms, an athero-protective (related to high laminar shear stress) and a athero-prone waveform (related to recirculation in low wall shear stress). We can see the structure the cell organization in both types of situations in Fig. 1 . The starting point of this approach consist of micro-sphere celllike structures placed over the arterial lumen. The initial shape of the EC correspond with a orthotropic distribution, this is a cell with a round shape and structure with the orthotropic plane tangent to the surface of the lumen.
The morphological changes that we described above are simulated by means of the remodeling approach developed during the previous sections. We use the model described in 3. As we discussed, this approach describe a reorientation of the fibrils or filaments that make up such a structure. In this case the driving stimuli is the wall shear stress in the arterial lumen. The morphological changes will be based on the updating procedure described in Eq. 7.
The reorientation direction expressed before as Ξ 3 is going to be given by the time average of the WSS, so
For the magnitude-dependent parameterζ Ξ , we adopted the values of the time average wall shear stress (TAWSS) [63] , defined asζ
which represent the mean wall shear stress over the cardiac cycle period T, with time the time, and τ w is the wall shear stress. The corresponding material dependent parameterζ Ξ * is considered now a function of the Oscillatory Shear Index (OSI) [64] ,
defined asζ Ξ * = 1/OSI. The OSI, variable that indicate the degree of variation in the direction of the flow, vary from 0 for a constant direction of the flow to 0.5 for a variation of 180 degrees in the direction of the flow. This is the reason for considering OSI as one of the parameters related to the remodeling on EC in blood flow conditions.
To measure the shape variation we compute the following structural tensor, ρ, as This tensor provides a symmetric second order tensor, where initially two of the diagonal components are equal (since we start form an anisotropic distribution) and during the evolution process one of them turn to the unity and the other to zero. The ratio between these two values can be taken as the shape index factor, SI = ρ 33 /ρ 22 .
Benchmark results
We consider the range of OSI values [0-0.5] and the range of TAWSS [0-10] Pa to demonstrate the evolution capabilities of the model. We show in Fig. 2(a) the evolution of the SI for different values of OSI and a TAWSS of 4 Pa. In Fig. 2(b) we present the evolution of the SI for a OSI=0.5 and low TAWSS (TAWSS=1Pa), OSI=0.05 and high TAWSS (TAWSS=10) and a intermediate situation (OSI=0.2, TAWSS=5Pa) .
We now reproduce the experimental results collected by [40] (Fig. 3 ) , represent the evolution of the SI agains values of mean wall shear stress. Our simulations show very similar behavior, as we can see in Fig 3 , with the experimental finding described previously.
CFD results
First we compute the CFD simulation as described in Section 2. The results of the TAWSS vector are shown in Based on these results and the model at hand, we plot the results on the SI all over the surface of the carotid artery (see Fig. 6 ). We can see that zone with lower OSI produce a SI of 0.4-0.6. On zones where the OSI is close to 0 and the TAWSS is at the maximum SI rise up to values close to one. On the other side, OSI values around 0.4-0.5 and low TAWSS the SI goes down to values around 0-0.2, which represent very rounded structures.
In Fig. 7 we capture the evolution of the cell structure during the remodeling process. The figures, representing the microtubules coming from the centrosome, can be identified with the picture of the cell organization in Fig. 1 . As the TAWSS for a given OSI, the strucutre of the cell become more slender. Similarly, as the OSI increase (from laminar to recirculation flow) at a given TAWSS the structure also turn into a more tip-like structure. This features are in agreement with the experimental observation described above.
Discussion
The adaptation of biological tissues has been a very active research field in recent years. In this contribution we have focused on the reorientation process of endothelial cell, proposing a complete 3D model that accounts for the reorientation the structure and the fibrils or filaments, in particular microtubules, that compose such a structure. In more general description of remodeling, most of the previous works have described the reorientation of a simple 1D fiber while, more recently, some others have taken into account the remodeling of the underlying structure by means of changes in its statistical distribution [5, 47] . Our goal was to develop a model to be capable of describing the distribution of the microstructure. We considered a microsphere-based model that allowed us to include this aspect of the problem. Numerous works have analyzed different types of driving quantities in these processes (see e.g. [39, 17, 5] and references therein), stress and strain being the most common for mechanical .
We exploit the option of modeling the adaptation of EC to the stimuli of the wall shear stress. The model was based on the remodeling of the micro-structure. Different flow features, as the TAWSS or the OSI, were considered as the driving forces to describe the remodeling process of the EC. The OSI, a measure of the variation of the direction of the flow, and the WSS are usual indicators of the cell morphology. Our simulation show that the SI of the cells under certain flow condition describe the actual morphology of EC in experimental data. The model represent a relatively simple view of the macroscopic remodeling of the cell structure.
The presented model has enormous capabilities for characterizing the evolution of complex biological fibered structures such as, for example, collagen bundles or cells. However there are certain limitations which need to be overcome in order to significantly improve it. The first, which does not apply only to our model, is the determination of those parameters related with the reorientation rate. For example, in a cell stretched by its substrate, tracking all the microtubules could help us to fit not only the material parameters but proposed driving quantities which would best fit such experiments. The theoretical and computational models would bring out an interesting mathematical description of these biological processes. The second drawback is the actual simplification onn the cell behavior and stucture. Cell are very complex structures where many chemical factores are also involve. We only consider the microtubules as thecontroling strutures to lok at the cell morpholgy. Other elements, as the stress fibers, could be included in further developments.
From our point of view, the most of future work would be focus on extending the model to the numerical simulation of more complex cell mechanics. For example, the amount and distribution of stress fibers generated due to a mechanical stimulus. Also to extend to different type of loads. There exists two main procedures to induce cell morphological changes, static and cyclic loading [16, 26] . While static and low-frequency loading leads to a reorientation and remodeling of the cellular structure parallel to the stretching direction [11, 6] , high-frequency cyclic loading does in nearly perpendicular [27, 30, 22] . Looking at these different type of loads will be also a future key point of research. It is also know that the remodeling of EC lead to the formation of atherome plaque. More complex CFD, or FSI simulation to coupling the fluid behavior with the deformation of a substrate, could also be an interesting ongoing work to look at the effect of both mechanical effects and other biological aspects [65, 66] . Our model could be used to study , e.g., the synthesizing of different substances related to the EC adaptation, setting the morphological changes of EC as the trigger factor.
In short, we have extended a 3D reorientation model for endothelial cells. We have used an exact updating scheme for these reorientations, considering the flow features as the main drving forces of the remodeling process. This approach allows to model different remodeling processes in biological tissues, and with the appropriate experiments could lead to a better knowledge of how biological tissue adapts to its specific environment. Combined with the development of a growth model (see [32, 4] ) our approach could help modeling and predicting the overall behavior of tissue reacting to external stimuli, via the reorientation and growth (positive or negative), of its microstructure. We believe it have been and will represent a challenging area of research. 
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